The complete nucleotide sequence of the chloroplast genome of Arabidopsis thahana has been determined. The genome as a circular DNA composed of 154,478 bp containing a pair of inverted repeats of 26,264 bp, which are separated by small and large single copy regions of 17,780 bp and 84,170 bp, respectively. A total of 87 potential protein-coding genes including 8 genes duplicated in the inverted repeat regions, 4 ribosomal RNA genes and 37 tRNA genes (30 gene species) representing 20 amino acid species were assigned to the genome on the basis of similarity to the chloroplast genes previously reported for other species. The translated amino acid sequences from respective potential protein-coding genes showed 63.9% to 100% sequence similarity to those of the corresponding genes in the chloroplast genome of Nicotiana tabacum, indicating the occurrence of significant diversity in the chloroplast genes between two dicot plants.
Introduction
The complete sequences of the chloroplast genomes were first reported for tobacco 1 and liverwort 2 in 1986. Since then, the chloroplast genome sequences of a number of land plants and algae have been determined.
3^14
The complete genome structure of a cyanobacterium Synechocystis sp. PCC6803, the most primitive planttype photosynthetic organism, has also been reported. 15 The accumulation of such data has made it possible to study the evolutional relationship among the chloroplast genomes and their ancestors. One notion derived from such study is that there was a massive transfer of genes from ancestral organelles to nuclei. 16 Comparison of nuclear and chloroplast genomes at the sequence level should provide invaluable information for understanding of the origin and function of the chloroplast in cells. In this respect, Arabidopsis thaliana, an excellent model organism for the analysis of the complex biological processes in plants, 17 is the most appropriate material because entire genome sequencing of this plant is in progress 18 ' 19 by international efforts in which we are involved. 20 Here we determined the complete sequence of the chloroplast genome of this plant and compared with the those of other chloroplasts reported to date. StrucCommunicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-438-52-3933, Fax. +81-438-52-3934, E-mail: tabata@kazusa.or.jp tural similarity with the genome of a cyanobacterium Synecohcysitis sp. strain PCC6803 was also investigated.
Materials and Methods

DNA sources
The Mitsui PI library of Arabidopsis thaliana Columbia, which has been used for sequencing of the chromosomal genome, was adopted for screening of the chloroplast DNA, as the library had been prepared from the whole cellular DNA. 21 PI clones harboring the chloroplast genome sequences were isolated by screening the library with the following probes derived from the tobacco chloroplast: 1 pTB30 (psaB), pTS8 (petB), pPacnD (ndhD), and psbA-F (psbA), which were provided by Dr. M. Sugiura of Nagoya University.
DNA sequencing
The nucleotide sequence of each PI insert was determined according to the bridging shotgun method described previously. 20 Briefly, the purified PI DNA was subject to sonication followed by size-fractionation on agarose gel electrophoresis. Fractions of approximately 1.0 kb and 2.5 kb were respectively cloned into M13mpl8 and to construct the libraries of element and bridge clones. Clones were propagated on microtiter dishes, and the supernatants were used for preparation of sequence Figure 1 . Structure of the A. thaliana chloroplast genome and the positions of sequenced PI clones. The outer circle shows the overall structure of the chloroplast genome consisting of a large single-copy region (LSC), a small single-copy region (SSC) and inverted repeat regions (IRA and IRB) represented by thick lines. The positions of the genetic markers which were used for clone selection are indicated outside of the circle, and the regions covered by selected PI clones, MAB17, MAH2, and MCI3 are indicated by inner arcs. The sequence information was obtained from the regions represented by thick lines on the clones. The initial order of the four regions deduced from the sequence data was LSC-IRA-SSC-IRB by counterclockwise as shown in this map, but the SSC sequence between IRA and IRB was inverted to conform to the indication of reported chloroplast sequences and used for the further analyses.
templates. For sequencing the element clones, singlestranded DNAs were prepared from 100 /ul each of phage supernatants according to standard procedures and used directly as templates. Inserts of the bridge clones were amplified by PCR in the reaction mixture of 20 /ul containing 2 jA of the phage supernatant, 50 mM KC1, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X100, 1.5 mM MgCb, 50 fiM each of dNTPs, 2 units of Taq polymerase (TaKaRa, Japan), and 100 nM each of the following sets of primers: KFw (5'-GGGTTTTCCCAGTCACGAC-3') KRv (5'-TTATGCTTCCGGCTCGTATGTTGTG-3') PCR amplification was performed through 30 cycles of the temperature shift consisting of 96° C for 10 sec and 70°C for 60 sec, followed by the final extension at 70° C for 7 min in a PJ9600 thermal cycler. The products were subjected to purification by polyethylene glycol and used for the sequencing reaction.
DNA sequencing and data assembly
The sequencing reaction was performed using the cycle sequencing kits (Dye-primer Cycle Sequencing kit and Dye-terminator Cycle Sequencing kit of Perkin Elmer Applied Biosystems, USA) and reaction robots (Catalyst 800 of Applied Biosystems, USA), according to the protocol recommended by manufacturers. The DNA sequencers used were type 373XL and 377XL of Perkin Elmer Applied Biosystems. The single-pass sequence data from one end of element clones and both ends of bridge clones were accumulated and assembled using Phred-Phrap programs (Phil Green, Univ. of Washington, Seattle, USA) and the auto-assembler software of Applied Biosystems, USA.
2-4-Computer-assisted data analysis
The nucleotide sequences were translated in six frames using the universal codon table, and each frame was subjected to similarity search against the non-redundant protein database, owl (release 29), using the BLASTP program. 22 Positions of each local alignment, which showed similarity with scores of 70 or more to known protein sequences, were extracted and aligned along the query sequences. If internal gaps occurred, the alignments below the score of 70 were re-searched to fill in the gaps.
Structural RNA genes were identified by similarity search against the structural RNA data set from GenBank with the BLASTN program, 22 and defined as the regions with the local alignments showing 80% or more identity to the query sequences along 50 bp or more nucleotides. For assignment of tRNA genes, the tRNAscan-SE program 23 was applied for prediction. Although the order of the four regions originally constructed from MAB17 and MAH2 was LSC-IRA-SSC-IRB counterclockwise as shown in Fig. 1 , we inverted the direction of the SSC sequence between IRA and IRB to conform to the indication of previously reported chloroplast sequences, and the sequence of the structural isoform, LSC-IRB-SSC-IRA, was used for further analyses. The overall A+T content was 63.7%, which is similar to those of tobacco (62.2%), rice (61.1%) and maize (61.5%). The A+T content of the LSC and SSC regions were 66.0% and 70.7%, respectively, whereas that of the IR-regions is 57.7% due to the presence of an rRNA gene cluster. The shifts of the border positions between the two inverted repeat regions (IRA and IRB) and two single copy regions (LSC and SSC) have been observed among various chloroplast species. 26~29 To evaluate the difference of the IR lengths in the chloroplast genomes between A. thaliana (26,264 bp) and tobacco (25,339 bp), the exact IR border positions were compared with respect to the adjacent genes between two species. Whereas a very small shift (2 bp) was observed for the junction of IRA and LSC, larger shifts were present at other three junctions. The same tendency was seen in the positions of the IR border between rice and maize chloroplast genome. 5 In A. thaliana, the junction between LSC and IRB is located within the rpsl9 gene, and the junction between IRB and SSC is within the ndhF gene. In tobacco, these two genes are located in the single copy regions.
Results and Discussion
Structural features of the putative protein-coding
genes The potential protein-coding regions were deduced as described in Materials and Methods, and the positions of a total of 87 genes including 79 unique gene species and 8 duplicated genes in the inverted repeat regions were localized on the map (Fig. 2) . The predicted amino acid sequences of the A. thaliana chloroplast genes were then compared to those in the completely sequenced plastid and cyanobacterial genomes ( Table 1 ). All of them showed the highest identity to those of tobacco, although .111804
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•111817 dilOW the value varied from 64% to 100% depending on the gene species, indicating that significant diversity was generated between the two dicot plants. To obtain information on the relationship between gene function and divergence, comparison was made by dividing the identified genes into the following three functional categories: genes related to gene expression, photosynthetic apparatus and photosynthetic metabolism. The genes classified into gene expression varied from 72% to 100% (average identity: 87.9%), those classified into photosynthetic metabolism from 76% to 100% (average identity: 89.7%), and those classified into photosynthetic apparatus from 82.0% to 100% (average identity: 97.0%). It is apparent that those of the former two gene categories are more divergent. Sequence conservation was also observed with the genes in the cyanobacterial genome (25.2% to 90.1%: average identity 59.6%) with the highest values in the category of photosynthetic apparatus (47.5% to 90.1%: average identity 70.4%).
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Structural features of putative RNA-coding genes
The A. thaliana chloroplast genome contained two copies of ribosomal RNA gene clusters (16S -23S -4.5S -5S) in the two inverted repeat regions (Fig. 2) . Each cluster was intervened by two tRNA genes, trnl and trnA, in the 16S and 23S spacer. The sequence identities with those of tabacco chloroplast were 98-100% in the coding regions and 92% on avarage in the spacer regions.
A total of 37 tRNA genes (30 gene species) representing 20 amino acid species were identified in the genome by similarity search and computer prediction. The nucleotide sequences of the gene products and the positions are summarized in Fig. 3 . Six of the 30 tRNA gene species, trnK-UUU, irnG-UCC, imL-UAA, trriV-UAC, trnl-GAU, and trnA-XJGG, contained intervened sequences of 513-5,520 bp long at either the anticodon stem, the anticodon loop, or D-stem.
On the basis of the structural information derived from the entire protein and tRNA gene constituents of the genome, the frequency of codon usage and the recognition patterns of the codons and the corresponding anticodons were deduced (Table 2) . No significant codon usage bias was observed. Thirty tRNA species can sufficiently recognize all the codons used in the genome except for trnR-ACG, where only one species of trriR was found for four kinds of the codons with different third letters. One possible explanation is that only the first two letters of the codons are recognized by tRNA. Alternatively, it could be that the corresponding tRNAs are supplied from the nuclear genome.
3-4-Genome structure in comparison with cyanobac-
teriuvn Seventy-four out of 79 genes in the A. thaliana chloroplast genome were commonly found in the Synechocystis genome ( Table 2 ). The structures of 13 clusters consisting of two or more adjoining genes with related functions in the chloroplast genome were compared with those of the corresponding regions in the cyanobacterial genome. The number and relative positions of the genes were conserved in 7 small clusters: rpl33-rpsl8, atpB-atpE, ndhCpsbG-ndhJ, psaA-psaB, psbD-psbC, psbE-psbF-psbL-psbJ, and petB-petD. Deletion, addition, or rearrangement of the genes in either genome were observed in 6 clusters: rpoB-rpoCl-rpoC2, rpsl2-rps7, rpl23-rpl2-rpsl9-rpl22-rps3-rpll6-rpll4-rps8-rpl36-rpsll-rpoA, atpI-atpH-atpFatpA, ndhH-ndhA-ndhl-ndhG-ndhE-psaC-ndhD, psbBpsbT-psbN-psbH, as shown in Fig. 4 . Limited conservation of gene organization among the genomes of liverwort chloroplast, Escherichia coli, and Synechococcus has also been noted. 30 These observations would not only provide evidence supporting the endosymbiotic theory in which ancestral photosynthetic prokaryotes of cyanobacteria are the origin of plant chloroplasts, but also suggest that gene shuffling took place during the establishment of the cyanobacterium species.
